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The  electrochemical  stability  of  lithium  bis(oxatlato)  borate  (LiBOB)  containing  solid  polymer  electrolyte 
has  been  evaluated  both  by  inert  electrode  and  real  cathodes.  Enhanced  intrinsic  anodic  stability  and 
decreased  interface  impedance,  are  obtained  by  addition  of  nano-sized  MgO  to  PEO20-LiBOB.  It  is  also 
found  that  the  LiBOB-containing  SPEs  exhibit  prominent  kinetic  stability  between  3.0  and  4.5  V.  For  cells 
using  SPEs  as  the  separators,  good  cycling  performance  is  obtained  for  real  4  V  class  cathodes  material 
LiNi1/3Co1/3Mn1/302  and  LiCo02.  The  Li|PE02o-LiBOB|LiNi1/3Coi/3Mn1/302  cell  takes  an  initial  capacity  of 
1 56.8  mAh  g_1 ,  with  retention  of  1 42.5  mAh  g-1  after  20  cycles  at  0.2C-rate.  The  cell  also  works  well  up  to 
1C- rate.  The  addition  of  nano-sized  MgO  into  PE02o -LiBOB  readily  reduces  the  irreversible  capacity  per 
cycle,  both  for  LiNi1/3Coi/3Mn1/302  and  LiCo02  cathodes.  In  addition,  the  critical  role  of  LiBOB  in  obtaining 
kinetic  stability  and  passivating  ability  towards  cathodes  are  specially  discussed. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Currently  general  electrolytes  for  lithium  ion  secondary  bat¬ 
teries  mainly  relate  to  nonaqueous  electrolytes.  They  are  typically 
lithium  salts  solvated  by  mixture  of  cyclic  carbonates  and  linear  car¬ 
bonates  [1-5].  For  example,  LiPF6  (lithium  hexafluorophosphate) 
works  as  solute  in  the  mixture  of  EC  and  DMC  (ethylene  carbonates 
and  dimethyl  carbonate). 

Comparatively,  solid  polymer  electrolytes  (SPEs)  are  using 
thermal  stable  and  environmental  friendly  polymers  as  the  sol¬ 
vents.  Among  various  SPEs,  PEO-LiX  (X  =  C104_,  SO3CF3-  and  so 
on)  systems  have  received  the  most  extensive  attention.  Their 
major  disadvantages  [6,7]  are  the  poor  ionic  conductivity  (10-8 
to  10-6  S  cm-1 )  at  ambient  temperature  and  the  low  cation  trans¬ 
ference  numbers  (about  0.3).  However,  the  good  thermal  stability, 
qualified  compatibility  towards  lithium  metal  anode  and  the  flex¬ 
ibility  to  volume  change  of  electrodes  still  enable  them  promising 
components  for  lithium  ion  secondary  batteries. 

Nano-sized  material  A1203  and  Ti02  powders  have  been 
introduced  to  PEO-LiX  systems  [6],  thereby  improving  ionic  con¬ 
ductivities  at  ambient  temperatures.  Addition  of  nano-materials 
also  resulted  in  improved  cation  transference  number  [8], 
decreased  interface  impedance  [9,10]  and  enhanced  anodic  stabil¬ 
ity  [8]  as  well  as  increased  mechanical  strength.  Previous  reports 
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have  intensively  studied  the  performance  of  such  SPEs  with 
3  V  class  cathodes,  such  as  LiFeP04  [11-13],  LiMn306  [12]  and 
V205.  Recently  there  were  several  reports  about  the  compatibility 
between  polymer-lithium  salt  complexes  and  4  V  class  cathodes, 
such  as  LiCo02  and  LiMn204.  Polyethylene  oxide-co-propylene 
oxide)  [14]  was  applied  in  LiCo02  cells  with  LiTFSI  (lithium 
bis(trifluoromethanesulfonyl)imide,  or  Lilm)  as  the  lithium  salt. 
The  upper  voltage  limit  was  set  at  4.1  V.  Watanabe  and  co-authors 
[15]  investigated  the  performance  of  cells  between  3.0  and  4.2  V 
by  using  SPE  P(EO/MEEGE)-LiTFSI  as  the  separator  and  LiCo02  as 
the  cathode.  In  these  reports  modified  polymers  and  high  perfor¬ 
mance  LiTFSI  are  adopted  to  obtain  improved  anodic  stability  for 
the  electrolyte.  The  lithium  salt,  in  principle,  not  only  provides 
charge  carriers  but  also  participates  in  redox  process  occurring 
at  the  surfaces  of  electrodes  [16,17].  Thus  it  can  be  a  key  fac¬ 
tor  in  determining  actual  electrochemical  stability  of  electrolyte. 
LiBOB  is  electrochemically  stable  up  to  4.5  V  [18],  with  capabil¬ 
ity  to  passivate  an  A1  current-collector  up  to  6.0  V  [19].  Besides  its 
extraordinary  capability  to  passivate  graphite  in  neat  propylene 
carbonate  [20],  the  salt  also  provides  thermal  stability  up  to  about 
300  °C  and  low  manufacturing  cost  [21  ]. 

If  PEO-LiBOB  complex  can  support  the  operation  of  4  V  class 
cathodes,  it  will  be  rather  economical.  We  consider  adopting  LiBOB 
and  nano-material  to  obtain  improved  performance  for  traditional 
PEO-based  SPEs.  Scrosati  et  al.  [22]  reported  their  investigation  on 
the  fundamental  structural  behavior  and  electrochemical  proper¬ 
ties  of  PEO-LiBOB  electrolytes.  They  exhibit  ionic  conductivities 
about  10-5Scm-1  at  room  temperature  and  near  10-3Scm-1 
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above  60  °C.  And  their  cation  transference  number  varies  between 
0.25  and  0.30. 

In  this  work  the  electrochemical  stability  of  PEO-LiBOB  type 
SPEs  both  will  be  investigated.  To  date,  the  electrochemical  stability 
of  such  SPEs  has  not  been  examined,  especially  towards  4  V  class 
cathodes.  It  shows  that  adequate  stability  is  obtained  on  supporting 
reversible  operation  of  the  most  widely  applied  cathodes  including 
LiCo02  and  LiNi^Co^Mn^O^  The  reason  that  LiBOB-containing 
SPEs  present  adequate  electrochemical  stability  towards  the  two 
cathodes  is  analyzed  in  detail. 

2.  Experimental 

2.1.  Chemical  reagents 

PEO  (Mw  600000;  AR grade)  was  purchased  from  Sigma-Aldrich. 
The  lithium  salt,  LiBOB,  98%  purity,  was  kindly  donated  by  Chemet- 
all  Inc.  Lithium  perchlorate  (LiC104,  AR,  99%  purity)  and  acetonitrile 
(AR,  99.5%  purity)  were  both  purchased  from  Beijing  Reagent  Co., 
Ltd.  All  reagents  were  used  without  further  purification.  Cathode 
material  LiNi1/3Co1/3Mn1/302  was  synthesized  in  our  lab  according 
to  the  literature  procedure  [23].  Cathode  material  LiCo02  was  pre¬ 
pared  by  evenly  grinding  the  mixture  of  Li2C03  and  Co304  (molar 
ration,  Li:Co  =  1.05)  and  heating  the  mixture  at  600  °C  for  5h  and 
later  at  900  °C  for  5h.  Nano-size  magnesium  oxide  (MgO)  was 
obtained  from  Sigma-Aldrich  with  an  average  diameter  of  40  nm. 

2.2.  Preparation  of  the  PE02o~LiBOB  electrolyte  membranes 

The  solid  polymer  electrolyte  membranes  were  prepared  by 
classic  solvent  casting  technique.  The  molar  ratio  of  PEO  to  lithium 
salt  was  fixed  at  20.  Before  the  preparation  of  SPE,  lithium  salts 
were  thoroughly  dried  in  vacuum  box  at  130  °C  for  24  h.  Specific 
amounts  of  PEO  powder  and  lithium  salt  were  mixed  in  acetoni¬ 
trile.  For  preparing  composite  SPE,  5  wt%  nano-sized  MgO,  relative 
to  the  summed  mass  of  PEO  and  lithium  salt,  is  also  added  to  the 
mixture.  The  mixture  was  vigorously  stirred  for  48  h  to  reach  good 
homogeneity  in  seal  condition  and  then  the  solvent  was  partly 
evaporated  by  heating  the  mixture  under  continuing  stir.  The  con¬ 
centrated  mixture  was  cast  onto  home  made  dish-like  Teflon  molds 
and  dried  under  slow  anhydrous  nitrogen  flow.  Some  self-standing 
1 00  |jim  thick  transparent  membranes  were  obtained.  When  MgO  is 
added,  the  prepared  membranes  turn  white  and  opaque  but  hardly 
change  in  strength.  In  this  work,  three  SPEs  are  prepared,  including 
PEO20-LiBOB,  PEO20-LiBOB-5  wt%  MgO  and  PEO20-LiClO4. 

2.3.  Electrochemical  measurements 

The  prepared  SPE  membranes  were  shaped  into  round  sheets 
after  drying  at  50  °C  for  2  days  under  vacuum  and  assembled 
into  experimental  R2032  cells  in  an  argon-filled  glove  box  (Braun, 
Germany;  working  condition,  H20:  3  ppm,  02:  1  ppm).  The  config¬ 
uration  of  cell  for  CV  measurements  was  SS  (stainless  steel)|SPE|Li 
(lithium  metal),  with  SS  as  the  working  electrode  and  lithium  metal 
sheet  as  the  counter  electrode  and  the  reference  electrode.  Cyclic- 
voltammetry  (CV)  measurements  were  performed  from  the  OCVs 
of  the  cells  over  a  sweep  rate  of  5  mV  s-1  at  various  temperatures. 
Voltage  ranges  for  each  test  were  changed  depending  on  the  pur¬ 
pose. 

Symmetric  cell  Li|SPE|Li  (lithium  metal)  was  also  fabricated 
and  kept  constantly  at  80  °C  in  hot  box  and  the  evolution  of 
interface  impedance  is  recorded  by  measuring  its  electrochemical 
impedance  spectra  (EIS)  after  different  periods.  EIS  measurements 
were  recorded  at  the  open-circuit  voltages  (OCV)  in  the  frequency 
range  of  0.01  Hz  to  100  kHz,  with  a  5  mV  excitation  signal. 


j _ i _ i _ i _ i _ i _ 

0  2  4  6 

Potential  /V(vsLi+/Li) 


j _ i _ i _ i _ i _ i _ 

0  2  4  6 

Potential  /  V  (vs  Li+/Li) 


Fig.  1.  CV  curves  of  PEO20-LiBOB  (a)  and  PEO20-LiBOB-5  wt%  MgO  (b)  at  80  °C.  The 
first  anodic  scan,  first  cathodic  scan  and  second  anodic  scan  are  measured  in  the 
voltage  range  of  0-5.5  V. 

A  surface  morphology  (SEM)  study  of  the  prepared  cathodes 
active  material  was  performed  using  a  JEOL  JSM-5600LV  elec¬ 
tron  microscope.  The  XRD  measurements  were  carried  out  using 
a  Rigaku  MultiFlex  diffractometer,  equipped  with  a  monochroma¬ 
tor  and  a  Cu  target  tube.  A  continuous  scan  mode  over  a  20  range 
of  10-90°  with  a  step  size  of  0.02°  and  scan  rate  of  4.0°  min-1  was 
adopted. 

The  charge-discharge  tests  were  performed  on  coin  type  cell 
(R2032).  A  composite  cathode  was  prepared  by  evenly  mixing 
LiNi1/3Co1/3Mn1/302  or  LiCo02  (70wt%)  with  conductive  graphite 
(15 wt%,  TIMREX  Inc.,  KS-15),  PEO20-LiBOB  (15wt%)  in  acetoni¬ 
trile  and  then  spreading  the  mixture  onto  clean  aluminum  foil. 
Active  material  load  is  about  10  mg  cm-2.  Cells  were  fabricated  in 
the  argon-filled  glove  box,  using  round  Li  metal  sheets  as  counter 
electrodes  and  prepared  SPEs  as  the  separators.  The  cells  were  gal- 
vanostatically  cycled  on  a  Land  CT2001A  battery  Cycler  (Wuhan 
Jinnuo  Electronics  Co.,  Ltd.,  China)  at  80  °C. 

3.  Results  and  discussion 

The  electrochemical  stability  of  PE02o-LiBOB-5  wt%  MgO, 
as  well  as  that  of  PEO20-LiBOB,  is  measured  by  employing 
cyclic  voltammetry  (Fig.  1).  The  addition  of  nano-MgO  enables 
PEO20-LiBOB  to  decompose  at  more  positive  voltage,  indicating 
an  improved  anodic  stability.  Actually  there  lacks  a  consistent 
quantitative  criterion  for  judging  whether  or  not  an  electrolyte 
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Fig.  2.  Time  evolution  of  interface  impedance  between  a  lithium  metal  electrode 
and  the  prepared  SPEs  PE02o-LiBOB  and  PE02o-LiBOB-5  wt%  MgO  at  80  °C.  Data 
is  obtained  by  fitting  the  corresponding  semicircle  in  electrochemical  impedance 
spectra  with  Zview  software. 


begins  oxidative  decomposition  above  a  certain  voltage.  Handa 
et  al.  [24]  suggested  an  exchange  current  density  of  0.03  mAcm-2 
as  the  indicator  of  electrolytes  oxidative  decomposition  by  study¬ 
ing  several  liquid  nonaqueous  electrolytes  on  different  solvents. 
Due  to  the  faster  CV  scan  speed  adopted,  tighter  current  density  of 
0.003  mAcnrr2  is  used  to  estimate  the  oxidization  onset  voltage  in 
this  work. 

As  shown  in  Fig.  la,  the  current  density  is  approximate 
0.003  mAcnrr2  at  4.0  V  and  begins  to  increase  obviously  from  this 
voltage  for  the  first  anodic  scan  of  PEO20-LiBOB.  It  corresponds  to 
the  start  of  oxidative  decomposition  of  the  electrolyte.  Violent  oxi¬ 
dation  is  revealed  by  the  exponentially  increased  current  density 
above  5  V.  In  the  second  cathodic  scan  and  second  anodic  scan,  it  is 
seen  that  two  anodic  peaks  appear  separately  at  0.97  V  and  2.05  V, 
while  two  cathodic  peaks  appear  separately  at  1.53  V  and  0.68  V. 
The  peaks  at  0.97  V  and  0.68  V  are  possibly  due  to  reaction  closely 
related  to  LiBOB,  i.e.  the  reduction  and  oxidization  of  ion  species 
formed  by  dissociation  of  lithium  salt  in  PEO  segments.  The  surface 
chemistry  on  lithium  metal  anode  was  found  to  be  dominated  by 
salt  anion  reduction  for  organic  solvent  free  polymer  electrolytes 
[25].  The  peaks  at  1.53  V  and  2.05  V  are  mainly  attributed  to  redox 
closely  related  to  trace  water  molecule  that  exists  in  the  SPE.  Exper¬ 
imentally,  the  peak  density  is  clearly  lowered  compared  to  those  at 
0.97  V  and  0.68  V  when  the  SPEs  contained  less  water  by  preparing 
the  SPEs  under  high  vacuum  or  in  a  Ar-filled  glove  box. 

When  nano-sized  MgO  is  added,  the  initial  oxidative  decom¬ 
position  is  observed  at  4.2  V  (Fig.  lb),  more  positive  than  that  of 
PEO20-LiBOB.  The  following  violent  decomposition  of  electrolyte 
occurs  similarly  above  5  V.  Observed  redox  peaks,  in  the  low  volt¬ 
age  range  of  0-2.5  V,  have  nearly  identical  peaks  voltages  but 
with  typical  lower  peak  densities.  It  is  concluded  that  the  addi¬ 
tion  of  MgO  enhances  the  anodic  stability  for  PEO20-LiBOB  system. 
Redox  of  electrolyte  components  in  the  low  voltage  range  seems 
to  be  suppressed,  which  is  indicated  by  the  lowered  intensities  of 
redox  peaks.  Nano-sized  MgO  can  efficiently  absorb  trace  water 
and  unstable  compounds  in  PEO20-LiBOB,  and  thus  favor  the  elec¬ 
trochemical  stability  especially  the  anodic  stability. 

Symmetric  lithium  cells,  using  lithium  metal  as  both  electrodes, 
are  used  to  study  the  effect  of  MgO  on  the  interface  impedance  of 
PEO20-LiBOB.  EIS  features  of  interface  impedance  of  PEO20-LiBOB 
and  PEO20-LiBOB-5  wt%  MgO  are  continually  monitored  during  37 
days  and  the  results  are  shown  in  Fig.  2.  It  is  observed  that  adoption 
of  MgO  succeeds  in  dramatically  reducing  the  interface  impedance 
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Fig.  3.  CV  curves  of  the  first,  second  and  twentieth  full  scan  in  the  voltage  range  of 
3.0-4.5  V  for  PEO20-LiBOB  (a),  PEO20-LiBOB-5  wt%  MgO  (b)  and  PEO20-LiClO4  (c)  at 
80  °C. 


by  about  50%  for  fresh  cells.  Furthermore,  the  decrease  is  kept  over  a 
month  as  the  cells  become  aged.  MgO  might  suppress  the  reduction 
of  LiBOB  and  thus  favor  lower  interface  impedance. 

Further  CV  tests,  simulating  charge-discharge  cycles  in  cells  for 
electrolyte,  are  performed  for  PEO20-LiBOB,  PEO20-LiBOB-5  wt% 
MgO  and  PEO20-LiClO4.  The  voltage  range  is  set  between  3.0  and 
4.5  V.  Results  are  presented  in  Fig.  3.  A  ‘kinetic  stability’  is  observed 
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Fig.  4.  SEM  images  of  prepared  LiNii/3Coi/3Mn1/302  (a)  and  LiCo02  (b)  and  the  corresponding  XRD  pattern  (c)  and  (d). 


for  PEO20-L1BOB,  and  the  nano-MgO  added  sample  also  supports 
this  property. 

As  to  the  PE02o-LiBOB  sample,  a  typical  anodic  current  den¬ 
sity  at  4.5  V  reduces  from  initial  0.01  mAcm-2  to  0.003  mAcm-2, 
while  the  current  density  at  3.0V  remains  constant  around 
0.003  mAcm-2  during  20  full  CV  cycles  shown  in  Fig.  3a.  The 
measured  initial  anodic  current  density  at  4.5  V  is  much  larger 
than  presumed  decomposition  criterion.  However,  its  significant 
decrease  finally  meets  the  criterion.  As  to  the  MgO-added  exam¬ 
ple  in  Fig.  3b,  smaller  initial  anodic  current  densities  are  observed 
and  same  tendency  of  decrease  on  current  density  is  obtained. 
The  anodic  current  density  at  4.5  V  reduces  from  0.005  mA  cm-2  to 
0.004 mAcm-2  and  the  cathodic  current  at  3.0  V  remain  constant 
at  0.001  mAcm-2  during  20  CV  cycles. 

Passivation  of  cathode  surfaces,  which  prevented  bulk  elec¬ 
trolytes  from  further  decomposition,  has  been  recognized  [26].  For 
the  LiBOB  containing  SPEs,  it  seems  that  the  oxidization  product 
acts  the  same  way  during  repeated  anodic  process.  An  efficient 
passivating  layer  forms  even  though  the  cathode  here  is  an  inert 
electrode.  The  passivation  enables  the  electrolyte  to  support  higher 
electrode  potentials  which  originally  lie  outside  the  electrolyte  sta¬ 
bility  window.  Thus  a  ‘kinetic  stability’  above  4  V  is  obtained  for 
LiBOB  containing  SPEs.  The  kinetic  stability  for  electrolyte  is  spe¬ 
cially  discussed  in  a  review  literature  by  Goodenough  and  Kim  [27]. 
Despite  the  fact  that  real  anodic  stability  of  electrolytes  is  often 
inferior  to  that  measured  by  inert  electrodes,  the  kinetic  stabil¬ 
ity  in  3.0-4.5  V,  indicated  by  the  qualified  value  of  current  density 
shown  above,  might  have  fulfilled  the  requirements  of  4  V  class 
cathodes. 

In  contrast,  decreased  anodic  current  density,  upon  CV  cycles, 
has  also  been  observed  in  PE02o-LiC104  example  shown  in  Fig.  3c. 
Anodic  current  densities  at  4.5V  are  0.077  and  0.070 mAcm-2, 


respectively,  for  the  first  and  second  cycle.  When  20  cycles  is  fin¬ 
ished,  the  anodic  current  density  at  4.5  V  is  0.034 mAcm-2.  Such 
anodic  current  density  reveals  significant  oxidative  decomposition 
of  electrolyte  for  PEO-LiC104.  Thus  it  will  hinder  the  operation 
of  cathodes  above  4  V  for  LiC104-containing  PEO-based  SPEs.  The 
current  density  at  3.0  V,  on  the  other  side,  remains  constant  at 
0.004 mAcm-2.  It  is  possibly  due  to  similar  reaction  activity  of 
PEO-LiC104  as  PE02o-LiBOB  near  3.0  V.  However,  it  is  clear  that 
LiBOB-containing  SPEs  have  superior  overall  electrochemical  sta¬ 
bility  over  PEO-LiC104  system. 

Two  cathodes,  LiNi1/3Co1/3Mn1/302  and  LiCo02,  are  adopted  to 
evaluate  the  practical  electrochemical  stability  of  PE02o -LiBOB  and 
PE02o-LiBOB-5  wt%  MgO.  The  surface  images  and  XRD  patterns  are 
indicated  in  Fig.  4.  The  particle  of  prepared  LiCo02  appears  potato¬ 
like,  round  and  irregular  with  smooth  surface.  Its  average  diameter 
is  about  5  p,m.  The  powder  of  LiNi1/3 Co^Mn! /302  is  spherical  and 
each  powder  is  composed  of  many  small  dish-shaped  particles. 
Its  average  diameter  is  about  10  [xm.  XRD  diagrams  of  LiCo02  and 
LiNi1/3Co1/3Mn1/302  both  display  a  typical  single-phase  a-NaFe02 
layered  structure  without  impurity  phase.  The  diffraction  lines  are 
both  indexed  with  an  R-3m  space  group  in  the  rhombohedral 
system.  The  obvious  separation  of  (0  0  6)/(l  0  2)  and  (1  0  8)/(l  1  0) 
doublets  further  indicates  a  favorable  stacking  order  for  layered 
cathode  materials  [28]. 

The  compatibility  of  PE02o-LiBOB  and  PE02o-LiBOB-5  wt% 
MgO  toward  prepared  LiCo02  and  LiNi1/3Co1/3Mn1/302 
is  studied.  The  charge  and  discharge  curves  for  the 
Li|PEO20-LiBOB|LiNi1/3Co1/3Mn1/3O2  half  cell  in  the  initial,  the 
third  and  the  20th  cycles  are  shown  in  Fig.  4a.  The  characteris¬ 
tic  voltage  plateau  for  LiNi1/3Coi/3Mn1/302,  at  3.75  V,  is  clearly 
visible.  The  charge  capacity  and  discharge  capacity  are  168.8 
and  156.8  mAh  g-1,  respectively,  in  the  first  cycle  at  a  0.2C-rate, 


10124 


D.  Zhang  etal./ Journal  of  Power  Sources  196(2011)  10120-10125 


0  20  40  60 

Cycles 

Fig.  5.  Charge  and  discharge  curves  of  the  first,  third  and  twentieth  cycle  at  Ope¬ 
rate  (a)  and  the  cycling  performance  at  0.2C-rate,  0.5C-rate  and  lC-rate  (b)  for  the 
Li|PE02o-LiBOB|LNCMO  cell  between  3.0  and  4.2  V  at  80  °C. 

being  30mAg-1  in  current  density.  The  irreversible  capacity  is 
12.0  mAh  g-1,  and  the  initial  coulomb  efficiency  is  92.9%. 

The  discharge  capacity  merely  changes  in  the  first  three  cir¬ 
cles,  but  gradually  degrades  to  142.5  mAh  g-1  after  20  cycles.  The 
decreasing  rate  is  0.7  mAh  g-1  per  cycle,  with  retention  of  90.9%  dis¬ 
charge  capacity.  The  cells  present  an  interesting  property  that  the 
coulomb  efficiency  increases  to  around  99.0%  after  several  cycles. 
The  charge  and  discharge  processes  are  using  the  same  current 
density  during  power  capacity  measurement,  and  corresponding 
results  are  summarized  in  Fig.  4b.  Out  of  the  relatively  large  capacity 
delivered  at  0.2C-rate,  the  battery  is  still  able  to  operate  at  1C- 
rate.  However,  at  1  C-rate  the  cells  only  deliver  a  capacity  of  about 
95  mAh  g-1. 

As  to  the  nano-sized  MgO  enhanced  SPE,  PE02o-LiBOB-5  wt% 
MgO,  improved  cycling  performances  are  observed  both  for 
LiCo02  and  LiNi1/3Co1/3Mn1/302  cells  (Fig.  6).  The  comparisons 
of  cycling  performances  are  shown  in  Fig.  5a  and  b.  The  ini¬ 
tial  discharge  capacity  of  PEO20-LiBOB-5  wt%  MgO  cells,  using 
LiNi1/3Co1/3Mn1/302  as  the  cathode,  is  almost  identical  to  that 
of  PE02o-LiBOB  cells  at  around  157mAhg-1.  However,  irre¬ 
versible  capacity  is  significantly  decreased  from  0.7  mAh  g-1  to 
0.5  mAh  g-1  per  cycle  in  30  cycles  at  0.2C-rate.  When  PEO20-LiBOB 
is  adopted  as  the  electrolyte,  LiCo02  possesses  an  initial  dis¬ 
charge  capacity  of  148  mAh  g-1,  which  degrades  to  124  mAh  g-1 
after  30  cycles  at  0.2C-rate.  The  decreasing  rate  is  0.8  mAhg-1  per 
cycle,  similar  to  that  of  LiNi1/3Co1/3Mn1/302.  Comparatively,  when 
PEO20-LiBOB-5  wt%  MgO  is  used  as  the  electrolyte,  the  initial  dis¬ 


Fig.  6.  Comparison  of  discharge  profiles  between  Li|PEO20-LiBOB-5  wt% 
MgO|LiNi1/3Coi/3Mni/302  cell  and  Li|PE02o-LiBOB|LiNi1/3Co1/3Mn1/302  cell  (a),  as 
well  as  between  Li|PEO20-LiBOB-5  wt%  MgO|LiCo02  cell  and  Li|PEO20-LiBOB|LiCoO2 
cell  (b),  at  0.2C-rate  between  3.0  and  4.2  V  at  80  °C. 


charge  capacity  has  little  change  but  the  irreversible  capacity  is 
decreased  to  0.4  mAhg-1  per  cycle. 

The  good  compatibility  of  LiBOB  containing  PEO-based  SPEs, 
towards  4  V  class  cathodes,  is  due  to  lithium  salt  LiBOB.  Abundant 
carbonyl  group  in  BOB-  anion  could  possibly  play  a  critical  role 
to  passivate  the  cathode  via  a  ring-opening  reaction  to  generate 
a  linear  inorganic  lithium  metaborate  film  that  covers  the  cath¬ 
ode  surface.  The  passivation  of  the  cathode  surface  by  oxidization 
product  of  electrolyte  component,  mainly  LiBOB  here,  will  prevent 
further  oxidization  and  thus  reduce  side  reaction.  Therefore,  kinetic 
stability  is  obtained  for  real  cathodes  material,  favoring  reversible 
electrode  reaction  occurring  in  the  cathode  surface.  On  the  other 
side,  such  promising  stability  of  LiBOB-adopted  SPE  also  can  be 
partly  due  to  the  reaction  property  of  LiBOB  towards  water.  Water  is 
currently  difficult  to  be  completely  avoided  during  the  preparation 
of  SPEs,  as  well  as  the  fabrication  process  and  working  condition  for 
cells.  Hydrolysis  of  LiBOB  has  been  proved  to  have  little  effect  on 
cycling  performance  of  cathodes,  for  it  decomposes  into  less  cor¬ 
rosive  compounds  both  at  ambient  temperature  and  at  moderate 
temperature  in  the  presence  of  moisture  [29].  Adoption  of  nano¬ 
sized  metal  oxide  such  as  MgO  further  eliminates  the  effect  of  water 
and  unstable  compounds  involved  in  side  reactions,  leading  to 
higher  anodic  stability  and  reduced  interface  impedance  between 
electrolyte  and  lithium  metal  anode  and  thus  improved  cycling  per¬ 
formance  are  observed  for  the  cells  using  PE02o-LiBOB-5  wt%  MgO 
as  the  electrolyte. 
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4.  Conclusion 

Addition  of  nano-sized  metal  oxide  MgO  to  PE02o-LiBOB 
can  enhance  the  intrinsic  anodic  stability  and  decrease  the 
electrolyte  |  lithium-metal-anode  interface  impedance.  Due  to 
the  property  of  LiBOB,  remarkable  kinetic  stability  is  obtained 
for  the  SPEs  within  the  voltage  ranges  of  3. 0-4.5  V.  The 
kinetic  stability  efficiently  supports  the  cycling  of  4  V  class 
cathodes  materials  LiNi1/3Co1/3 Mn1/302  and  LiCo02.  The  for¬ 
mer  shows  an  initial  capacity  of  156.8  mAh  g_1,  with  retention 
of  142.5  mAh  g-1  after  20  cycles  at  0.2C-rate.  The  cell  exhibits 
good  cycling  performance  up  to  lC-rate.  Meanwhile,  nano-MgO 
enhanced  SPE  presents  even  better  performance  towards  real 
cathodes.  The  irreversible  capacity  per  cycle  has  been  success¬ 
fully  reduced  by  using  PEO20-LiBOB-5  wt%  MgO  as  the  electrolyte. 
Finally,  we  state  that  lithium  salt  anion  plays  an  important  role  in 
determining  the  actual  performance  for  polymer  electrolytes.  The 
application  of  LiBOB  and  nano-sized  metal  oxides  may  be  a  conve¬ 
nient  and  economic  way  to  develop  PEO  based  polymer  electrolytes 
for  4  V  class  cathodes. 
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